The administrative jurisdiction of the Province of Siena (Tuscany, central Italy) and the waste company (named Siena Ambiente S.p.A.), that operates within the provincial boundaries, have equipped themselves of the Greenhouse gas (GHG) Inventories of the solid waste disposal plants in the integrated management system with the aim to obtain a planning tool. The GHG inventories have been processed in time series (2008)(2009)(2010)(2011) and include 3 landfills, 1 incinerator, 2 composting, 1 selection and valorization production lines. Results show a 12% reduction of the total GHG emissions from 2009 to 2011 due to better landfill management. Moreover, a further GHG emission reduction equal to almost 34% could be obtained if electricity from renewable resources is used (i.e. burned wastes, biogas recovery from landfills and photovoltaic panels). On this way, the consumption of the imported electricity from the national grid, which is mainly obtained by traditional thermoelectric technologies, is avoided. The present experience could be adopted as a reference model for public and private organizations, considering that the provided planning tool could suggest time series emission reduction strategies for interacting with waste disposal facilities. Territorial systems at different scales (cities, municipalities, regions and nations) might be involved in this type of analysis, so as to calibrate the waste management system according to the estimates obtained by GHG inventories, which may be verified ISO 14064 by an independent third organization in order to increase the result reliability.
Introduction
The development of voluntary mechanisms for Greenhouse gas (hereafter GHG) abatement can create good opportunities for climate change mitigation from different activity sectors, showing new growth opportunities for enterprises and public administrations [1, 2] . For this reason, the administrative jurisdiction of the Province of Siena (Tuscany, central Italy) and the waste operator within the provincial boundaries have independently adopted time series GHG Inventories of the solid waste disposal plants, operating in the integrated management system (year 2008-2011). The study is able to identify some emission reduction strategies, in order to potentially decrease the impacts due to the waste sector. For the emission estimation we have used a standardized methodology, which is reproducible and comparable in time. We have applied the guidelines proposed by the Intergovernmental Panel on Climate Change (IPCC) for the GHG inventory elaboration [3] , by accounting carbon dioxide (CO2), methane (CH 4 ) and nitrous oxide (N 2 O) emissions. This methodology is applied to estimate the GHG emissions of each anthropogenic activity of regional areas, but it can also be used for smaller systems, such as the productive and business activities [4, 5] . Many international studies show the air quality and climate change impacts due to the municipal solid waste disposal, applying the life cycle assessment model and the 2006 IPCC guidelines at regional scale [6] [7] [8] . In Italy only few large enterprises, operating in the waste sector, have equipped themselves of time series GHG inventories of the all activities performed in the high potential solid waste disposal plants [9, 10] . On the other hand, the present study shows the GHG emissions by a small/medium enterprise at low environmental impacts, whose management area coincides with the administrative boundaries of the local authority. For this reason, the proposed GHG inventories highlight both positive and negative aspects of the integrated waste management system currently applied in the Province of Siena. They encourage responsible behaviors, improving the environmental policies able to meet the stakeholder expectations [11, 12] . The aim of the study is to develop time series GHG inventories as a valuable tool for the integrated management system planning of public and private organizations at different scales, such as enterprises, cities, municipalities, regions and nations.
Materials and methods

Integrated waste management system description
The studied solid waste disposal plants take part in the integrated management system of the Province of Siena. They are placed in strategic locations, so as to achieve the self-sufficiency of plants in the regional system. The plants involved, as shown in Figure 1 , are:
 Landfill (1), (2) and (3) The analyzed plants are in continuous mutual interaction by mean of input-output flows [13] . The waste sector is managed on a provincial scale by a specific enterprise, named Siena Ambiente S.p.A. It bases its business on the sustainable use of non-renewable resources, trying to ensure the proper waste disposal and the energy recovery in the integrated management system. Indeed the Province of Siena administration, in agreement with Siena Ambiente S.p.A., has independently adopted solid waste disposal plant GHG inventories, as a tool able to improve the policies to be applied to the waste sector.
GHG emission accounting
The GHG inventories have been developed for the years 2008-2011. The GHG emission estimations were processed following the "2006 IPCC Guidelines for National Greenhouse Gas Inventories", which are divided into 4 emission sectors: 1) Energy, 2) Industrial Processes and Product Use, 3) Agriculture, Forestry and Other Land Use, 4) Waste [3] . We analyzed only the Waste and the Energy sectors of the 2006 IPCC methodology, since they include all the GHG emission sources due to the activities performed in the disposal plants of this study. The CO 2 , CH 4 and N 2 O total emissions from the solid waste disposal plants were estimated, multiplying the activity data by the related emission factors. The activity data were collected directly within Siena Ambiente S.p.A., following a bottom-up approach. GHG emissions were cataloged into direct and indirect, depending on the different origin.
The direct emissions take place within the considered sites (geographical criteria), while the indirect ones occur outside of the solid waste disposal plants (responsibility criterion). Anaerobic degradation of organic matter in landfills, combustion of waste, bio-oxidation of organic wastes in composting and selection plants provide direct emissions. Direct emissions are also those due to the use of fossil fuels for heating, working machineries, transport of materials and energy production within the plants. The consumption of electricity imported from the national grid determines indirect emissions. Moreover, indirect emissions are those due to the consumption of fossil fuels used for the transport of production cycle waste to other disposal facilities.
For the CH4 emission estimation due to the decomposition of the biodegradable matter in landfill, we used the IPCC Waste Model [3] in order to consider the contribution to the biogas production of a great range of waste types, characterized by specific decomposition parameters.
To determine the GHG emissions from the fossil carbon fraction of the burned waste in the incinerator, we used the CO 2 emissions detected by continuous measurements [14] . The carbon dioxide contained in the non-fossil carbon fraction was subtracted from the measured CO 2 emissions.
We have determined an emission factor for the consumption of electricity imported from national grid, considering the production of electricity at national scale and the amount of electricity locally produced in the waste disposal plants [15] . For the selection of the other emission factors we have adopted the handbook of national emission factors [16] .
All GHG emissions other than CO 2 were converted into CO 2 equivalents (CO 2eq ) using the Global Warming Potentials (GWPs), 100 years, published in IPCC 4 th Assessment Report [17] . In the integrated waste management system of the Province of Siena, a certain amount of electricity is generated from renewable resources (i.e. waste combustion, biogas recovery from landfills and solar cells). We have obtained the advantages due to the local electricity production, subtracting from the total emissions of the waste disposal plants the avoided ones due to the use of renewable resources [18] .
Results
The CO 2eq emissions released to the atmosphere from the activities performed in the solid waste disposal plants and their decrease due to the use of electricity form renewable resources are shown in Table 1 . The waste decomposition is the activity that covers almost 100% of the GHG emissions from the 3 landfills. The The GHG emissions from the Incinerator is growing in time. The burned waste cover almost 90% of the released CO 2eq amount, through the methane combusted in furnaces plays a quite important role in the Incinerator activities.
Composting plant (2) shows higher GHG emissions than selection and valorization production lines. The CO 2eq released from to the bio-oxidation of the organic matter in Composting plant (2) is almost 70% of the total GHG emissions of this facility. The stabilization of the organic waste is the activity that emits the higher CO 2eq amount of Selection plan, covering more than 50% of the total emissions. On the other hand, those due to the consumption of electricity imported from the national grid, as well as the transport of production cycle waste to other disposal sites, cover a high responsibility for the 8 analyzed solid waste disposal plants.
CO 2 emissions from the waste combustion in the Incinerator, CH 4 from the decomposition of biodegradable materials in landfills and N 2 O from the bio-oxidation of organic matter in the composting and selection productive lines are the most important GHG emission categories of the analyzed system. A slow decrease of the total GHG emissions equal to 12% from 2009 to 2011 is due to a better landfill management. On the other hand, the electricity production by the treated wastes and other local renewable resources allows a further avoided CO 2eq amount of almost 34%.
Discussion
The development of GHG inventories of an integrated waste management system of a private/public organization is a tool able to indicate a responsible behavior, aimed to decrease the environmental impacts of the waste sector. The reduction in the total GHG emissions is mainly due to a smaller amount of waste consigned to landfills and the increase of the biogas recovery, since the CO 2eq amount released by the other disposal plants is almost increasing in time ( Table 1) . As could be predicted, the Incinerator is the plant that generates greater impacts on climate due to the combustion of RDF, which is composed of about 45% of plastic. The Incinerator is equipped with technologies for the reduction of pollutants in the combustion flue gas, e.g. two reactors for the neutralization of acid gases and a Selective Catalytic Reduction (SCR) system for the removal of nitrous oxide [14] . It is not, however, equipped with a technology for the CO2 uptake emissions. In incinerators with energy generation from traditional combustion systems, CO 2 capture could take place after the combustion process (post-combustion). Nevertheless, the methodologies for the CO 2 capture from the combustion flue gases, are expensive and require a high-energy consumption [19, 20] . Certainly, these technologies are too much expensive in a small size incinerator, as that analyzed in this study. For this reason, the CO 2 emission reduction from burned wastes may occur, finding a compromise between the combustion efficiency and the correct GHG management to the atmosphere. From this point of view, the combustion of waste types at low fossil carbon content (i.e. organic waste, wood and undifferentiated MSW) might be advantageous [21] . The Incinerator is characterized by temperatures close to values at the maximum limit of this type of plants (> 1000°C) [14] . For this reason, the total heat capacity of the plant would be anyhow exploited at a moderately lower RDF combustion, despite a little increase of the atmospheric pollutant production, such as dioxin and nitrogen oxide (NO x ) [22, 23] . Dioxin is totally eliminated from the combustion environment when homogeneous temperatures > 850°C and high oxygen concentrations are maintained [24] . The undifferentiated MSW combustion, produced in the North area of the Province of Siena (near to the Incinerator and away from Selection plant, Fig. 1) , determines a decrease of almost 2,000 t CO 2eq per year due to the waste transport and Selection plant management.
Climate impacts due to the CH 4 emissions from waste decomposition in landfill are relevant in altering the radiative balance [25] . In 2011, the CO 2eq amount produced from the decomposition of biodegradable matter consigned to landfills were lower than in the previous years due to the marginal role, reserved to this waste management method (Table 1 ). In fact, only the wastes coming from Composting and Selection plants were treated in landfills, as well as nonhazardous industrial wastes that could not be otherwise disposed. The GHG emission reduction from the three analyzed landfills is also due to a large amount of biogas recovered to produce electricity and to be flared. This suggests that these landfills have been well managed over the years, promoting a greater biogas production and capture. A further GHG emission reduction from landfills could be done by controlling the movements of the internal gases and installing pipes at strategic points with the aim to recover higher biogas amount [26] . The release of methane will decrease, when waste types at low biodegradable carbon content (plastic and inert) are consigned to landfill. Wood and paper contain a significant carbon concentration, which has a long decay time, thus they should not be treated in landfill.
Negligible CH4 concentration in the Composting/Selection plant air samples could be induced, turning the waste heaps and verifying the proper functioning of the aerators, so as to facilitate the oxygenation of the treated organic matter. It is preferable to improve the bio-filter action in order to reduce ammonia (NH 3 ), volatile organic compounds (VOC) and CH 4 emissions, notwithstanding that positive feedback for N 2 O could occur [27] . The installation of a new anaerobic digester, upstream processes of the Composting (2) and Selection plants, could allow a great GHG emission decrease, shortening the bio-oxidation times and producing electricity for all the productive site. Valorization plant has not emissions from the Waste sector of the GHG inventory, in fact, the managed paper/cardboard and multi-materials are subsequently treated in other enterprises located outside the geographic boundaries of the Province of Siena (Table 1) .
Direct measurements would be requires in order to improve the accuracy of the CO2eq emission estimations. Moreover chemical analyses, addressed at the quantification of the carbon in dry weight and the fossil carbon in waste samples, could be recommended in order to decrease the result uncertainty.
For what concern the potential reduction of CO 2eq emissions from diesel consumption is possible to hypothesize the replacement of diesel with bio-fuels, obtained from waste.
The electricity production from renewable resources (i.e. burned waste, biogas recovery from landfills and solar cells) is an aspect to be improved, because it determines a considerable reduction in the total GHG emissions of the analyzed waste management system ( Table 1) . The equilibrium between the CO 2eq amount reduction and the increased electricity production would be desirable, in order to have both economic and environmental advantages in the integrated waste management system.
The use of electricity obtained by the treated wastes, in addition to other environmental policies, have contributed to the net CO 2eq emission reduction of the Province of Siena, which became carbon free in the year 2011 [11] .
GHG emission inventories of integrated waste management systems could be applied at different scales, such as enterprises, cities, municipalities, regions and nations. It could, also, be valid in the case of the geographical boundary extension, the use of different technologies and the addition of neglected activities (in the case of the present study, the waste collection, recycling and reuse of materials).
Conclusion
The realization of the GHG inventories of the disposal plants of the integrated waste management system in the Province of Siena highlights the sensitivity of this administrative jurisdiction to a global environmental problem, such as the greenhouse effect of anthropogenic origin. These GHG inventories constitute the base on which to build an action plan, suggested by the results provided by a shared tool within the organization. A better conduction of landfills has determined a reduction of the total GHG emissions due to the disposal plants of the Province of Siena integrated waste management system from 2009 to 2011. Moreover, the production of electricity from renewable resources allows a further decrease of the CO2eq emissions and, therefore, it is considered an element to be improved. The ISO 14064 verification and validation of the GHG emission reduction, by an independent third organization, will allow the voluntary market of Verified Emission Reduction (VER) credits.
Public and private organizations (enterprises, cities, municipalities, regions and nations) could be involved in this type of analysis with the aim to calibrate the waste management system planning in accordance to the results obtained from standardized GHG inventories.
